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We present the last applications of the unquenched quark model (UQM) to the description
of flavour asymmetry and strangeness in the proton when baryon-meson components are in-
cluded. In the meson sector, the UQM is used to calculate the charmonium and bottomonium
spectra with self-energy corrections due to the coupling to the meson-meson continuum.
1. Introduction
The behavior of observables such as the spectrum and the magnetic moments of hadrons
are well reproduced by the constituent quark model (CQM) [1–10], even if it neglects quark-
antiquark pair-creation (or continuum-coupling) effects. The unquenching of the quark model
for hadrons is a way to take these components into account.
The unquenching of CQM was initially done by To¨rnqvist and collaborators, who used
an unitarized quark model [13, 14], while Van Beveren and Rupp used a t-matrix approach
[11, 12]. These techniques were applied to the study of scalar meson nonet (a0, f0, etc.) of
Ref. [12,15] in which the loop contributions are given by the hadronic intermediate states that
each meson can access. It is via these hadronic loops that the bare states become “dressed”
and the hadronic loop contributions totally dominate the dynamics of the process. A similar
approach was developed by Boglione and Pennington in Ref. [16], in which they investigated
the dynamical generation of the scalar mesons by initially inserting only one “bare seed”.
On the other hand, Isgur and coworkers in Ref. [17] demonstrated that the effects of the qq¯
sea pairs in meson spectroscopy is simply a renormalization of the meson string tension. The
strangeness content of the nucleon and electromagnetic form factors were also investigated, see
refs. [18,19], whereas Capstick and Morel in Ref. [20] analyzed baryon meson loop effects on
the spectrum of nonstrange baryons. In the meson sector, Eichten et al. explored the influence
of the open-charm channels on the charmonium properties using the Cornell coupled-channel
model [1] to assess departures from the single-channel potential-model expectations.
In this work we present the latest applications of the UQM to study the flavor asym-
metry and strangeness of the proton, in wich the effects of the sea quarks were introduced
into the CQM in a systematic way and the wave fuctions were given explicitly. Finally, the
UQM is applied to describe meson observables and the spectroscopy of the charmonium and
bottomonium.
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2. The Unquenched Quark Model
In the UQM for baryons [19, 21–23] and mesons [24–27], the hadron wave function is
made up of a zeroth order qqq (qq¯) configuration plus a sum over the possible higher Fock
components, due to the creation of 3P0 qq¯ pairs. Thus, we have
| ψA〉 = N
[
| A〉+
∑
BC`J
∫
d ~K k2dk | BC`J ; ~Kk〉 〈BC`J ;
~Kk | T † | A〉
Ea − Eb − Ec
]
, (1)
where T † stands for the 3P0 quark-antiquark pair-creation operator [24–27],A is the baryon/meson,
B and C represent the intermediate state hadrons. Ea, Eb and Ec are the corresponding en-
ergies, k and ` the relative radial momentum and orbital angular momentum between B
and C and ~J = ~Jb + ~Jc + ~` is the total angular momentum. It is worthwhile noting that in
Refs. [24–28], the constant pair-creation strength in the operator (1) was substituted with
an effective one, to suppress unphysical heavy quark pair-creation.
The introduction of continuum effects in the CQM can thus be essential to study observ-
ables that only depend on qq¯ sea pairs, like the strangeness content of the nucleon electro-
magnetic form factors [18,19] or the flavor asymmetry of the nucleon sea [21]. The continuum
effects can give important corrections to baryon/meson observables, like the self-energy cor-
rections to meson masses [24–27] or the importance of the orbital angular momentum in the
spin of the proton [22].
3. Flavour content in the proton
The evidence for the flavor asymmetry of the proton sea was found by NMC at CERN [29].
The flavor asymmetry in the proton is related to the Gottfried integral for the difference of
the proton and neutron electromagnetic structure functions
SG =
∫ 1
0
dx
F p2 (x)− Fn2 (x)
x
=
1
3
− 2
3
∫ 1
0
dx
[
d¯(x)− u¯(x)] . (2)
If one takes a flavor symmetric sea, one obtains the Gottfried sum rule SG = 1/3, but the
final NMC value is 0.2281 ± 0.0065 at Q2 = 4 (GeV/c)2 for the Gottfried integral over the
range 0.004 ≤ x ≤ 0.8 [29], which implies a flavor asymmetric sea. The Gottfried sum rule
has been confirmed by other experimental collaborations [30,31]. Theoretically, it was shown
in Ref. [32], that the coupling of the nucleon to the pion cloud provides a natural mechanism
to produce a flavor asymmetry. In the UQM, the flavor asymmetry can be calculated from
the difference of the probability to find d¯ and u¯ sea quarks in the proton. Our result is shown
in Fig. 1.
In a second stage, we calculated the strangeness content of the nucleon, see ref. [19]. In
the UQM the strange magnetic moment of the proton is defined as the expectation value of
the operator
~µs =
∑
i
µi,s
[
2~s(qi) +~l(qi)− 2~s(q¯i)−~l(q¯i)
]
(3)
on the proton state of Eq. (1), which represents the contribution of the strange quarks to the
magnetic moment of the proton; µi,s is the magnetic moment of the quark i times a projector
on strangeness and the strange quark magnetic moment is set as in Ref. [23]. Our result is
~µs = 0.0006µN (see Fig.2).
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Fig. 1. Comparison the value of Gottfried sum rule calculated within UQM with the experimental
data from NMC 1994, NMC 1997, HERMES, and E866. Figure taken from Ref. [23]; APS copyright.
Similarly, the strange radius of the proton is defined as the expectation value of the
operator
R2s =
5∑
i=1
ei,s
(
~ri − ~Rcm
)2
(4)
on the proton state of Eq. (1), where ei,s is the electric charge of the quark i times a projector
on strangeness, ~ri and ~Rcm are the coordinates of the quark i and of the intermediate state
center of mass, respectively. The expectation value of R2s on the proton is equal to −0.004fm2.
In Fig. 3 our result is compared with the experimental data.
Fig. 2. TheUQM results for the strange mag-
netic moment and radius of the proton. Figure
taken from Ref. [19]; APS copyright.
Fig. 3. Comparison between our re-
sulting value for the strange radius of the
proton in the UQM. Figure taken from
Ref. [19]; APS copyright.
4. Self-energy corrections in the UQM
The method was used by some of us to compute the charmonium (cc¯) and bottomonium
(bb¯) spectra with self-energy corrections, due to continuum coupling effects [24–27]. In the
UQM, the physical mass of a meson,
Ma = Ea + Σ(Ea) , (5)
3
is given by the sum of two terms: a bare energy, Ea, calculated within a potential model [3],
and a self energy correction,
Σ(Ea) =
∑
BC`J
∫ ∞
0
k2dk
|MA→BC(k)|2
Ea − Eb − Ec , (6)
computed within the UQM formalism.
Fig. 4. Charmonium spectrum with self
energies corrections. Black lines are theoreti-
cal predictions and blue lines are experimen-
tal data available. Figure taken from Ref.
[25]; APS copyright.
Fig. 5. Bottomonium spectrum with self ener-
gies corrections. Black lines are theoretical predic-
tions and blue lines are experimental data avail-
able. Figure taken from Ref. [26]; APS copyright.
Our results for the self energies corrections of charmonia [25,27] and bottomonia [24,26,27]
spectrums, are shown in figures 4 and 5.
5. Discussion and conclusion
The asymmetry and ”strangeness” observables in the proton can only be understood
when continuum components in the wave function are included. Our results, as shown in
Figures 1, 2 and 3, are in agreement with the experimental data.
The self energies corrections of charmonium and bottomonium spectra, see figures 4 and
5, show that the pair-creation effects on the spectrum of heavy mesons are quite small.
Specifically for charmonium and bottomonium states, they are of the order of 2 − 6% and
1%, respectively. The relative mass shifts, i.e. the difference between the self energies of two
meson states, are in the order of a few tens of MeV.
In our framework the X(3872) can be interpreted as a cc¯ core [the χc1(2
3P1)], plus
higher Fock components due to the coupling to the meson-meson continuum. In Ref. [27],
we obtained that the probability to find the X(3872) in its core or continuum components is
approximately 45% and 55%, respectively.
In conclusion, the flavor asymmetry in the proton is well described by the UQM. The
”strangeness” observables of the proton are found to be negligible and our results compatible
with the latest experimental data and recent lattice calculations. Finally, our self energies
corrections for charmonium and bottomonium spectra are found to be significant.
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